IMPORTANCE Elevated lipoprotein(a) levels are a risk factor for aortic stenosis (AS). However, a large-scale replication of associations between LPA variants and AS, their interactions with risk factors, and the effect of multiple risk alleles is not well established.
), a complex of apolipoprotein(a) and a low-density lipoprotein-like particle, is a risk factor for cardiovascular disease. [1] [2] [3] [4] [5] Plasma levels of Lp(a) have a strong genetic basis, with more than half of the variation in Lp(a) levels attributable to the LPA gene, which encodes apolipoprotein(a). 6 To date, LPA is also the only locus that has been robustly associated with valve calcification and aortic stenosis (AS), 7 the most common valve disease in the United States. 8 These associations, when combined with instrumental variables analyses, provide evidence that elevated Lp(a) levels promote AS. 3, 9 To our knowledge, no medical therapy exists that effectively slows or reverses the progression of AS, leading to interest in the LPA locus as a therapeutic target. Elevated levels of Lp(a) have recently been associated with a faster disease progression, 10 highlighting the potential for Lp(a) as a target for medical therapy. Prior genetic studies of AS have been limited to smaller cohorts with limited power to provide a detailed examination of these genetic associations with clinical AS, including the association of multiple alleles at the LPA locus and possible interactions. An improved understanding of these associations could identify vulnerable groups who are at higher risk for Lp(a)-mediated AS, which could better inform the specific targeting of therapeutics. Accordingly, we used electronic health records (EHRs) from a large health care organization in northern California to establish a case-control study of AS. We performed a largescale replication of the association between LPA single-nucleotide polymorphisms (SNPs) and AS and investigated the interaction of the LPA SNPs rs10455872 and rs3798220 with age, sex, and traditional cardiovascular risk factors.
Methods
The Genetic Epidemiology Research on Aging (GERA) cohort is a population-based cohort of more than 100 000 adults who are living in northern California. All participants are members of the Kaiser Permanente Northern California integrated health care delivery system who provided written, informed consent (database of Genotypes and Phenotypes study accession phs000674.v2.p2). The study was approved by the relevant internal review boards at Kaiser Permanente Northern California and the McGill University Health Centre.
Participants completed a detailed, self-administered survey of behavioral and demographic variables. Using DNA extracted from saliva, genome-wide genotyping was performed on customized, ethnicity-specific Axiom Genotyping Solution (Affymetrix) arrays that have been described elsewhere. 11, 12 Responses from the Kaiser Permanente Research Program on Genes, Environment, and Health (2007) (2008) (2009) (2010) or the California Men's Health Study (2002) (2003) questionnaires, genotypes, and EHRs were subsequently linked using an anonymized, unique patient identifier to protect the privacy of the participants (database of Genotypes and Phenotypes study accession phs000788.v1.p2). Aortic stenosis cases, determined through extracting EHR data from January 1996 to December 2015, inclusive, were defined based on the presence of either: (1) an International Classification of Diseases, Ninth Revision (ICD-9) code for AS (ICD-9 424.1), or (2) a procedure code for a prior aortic valve replacement (AVR), an approach that has been previously validated to have a positive predictive value of more than 90%. 7 Coronary artery disease (CAD) cases were defined using a diagnosis of myocardial infarction or CAD (ICD-9 410-414); procedure codes for percutaneous coronary intervention or coronary artery bypass surgery; or self-reported angina, myocardial infarction, or revascularization. Individuals with congenital heart disease (ICD-9 746-747) were excluded. Dyslipidemia was defined as 2 or more diagnoses of disorders of lipid metabolism (ICD-9 272) and 1 or more prescriptions for a statin, as noted in the Kaiser Permanente prescriptions database. Smoking (ever/never), diabetes mellitus, and hypertension were self-reported in the questionnaire. Ages older than 89 years were rounded down to 90 to further protect the privacy of those participants (n = 389). Controls were GERA participants without an ICD-9 code for AS or a procedure code for AVR. For this case-control study of AS we included individuals aged 55 years or older with known AS disease status from January 1996 to December 2015, inclusive (n = 44 703). We restricted our analyses to participants who self-reported only European descent, as there were insufficient numbers of individuals available of other races/ethnicities. We selected for study the LPA SNPs rs10455872 and rs3798220, which are strongly associated with Lp(a) levels 13 and have been recently examined for their association with AS in studies with smaller collections of AS cases (n < 1800). 14, 15 The SNP rs10455872 had been genotyped with the Axiom Genotyping Solution (Affymetrix) array while the SNP rs3798220 required imputation. Following a standard quality control of the genotyped data, we imputed rs10455872 (to fill in any missing genotypes) and rs3798220 using SHAPEIT2 16 (University of Oxford) and IMPUTE2 17, 18 (Univerity of Oxford) with the 1000 Genomes Project 19 serving as the reference panel. A continuous dosage value was created for each individual by adding 2 times the probability of the homozygous minor allele genotype with the probability of the heterozygous genotype. Thus, dosage values ranged from 0 to 2. Imputed dosages were complete for rs10455872 and rs3798220. When necessary, the dosages were converted to hard calls by rounding dosages of 0.5 or less to 0 and dosages of 1.5 or more to 2, with the remaining dosages being set to 1. The carriers of a variant were defined as individuals with at least 1 risk allele. An LPA risk score was constructed by adding the number of rs10455872 and rs3798220 risk alleles (minor allele G for rs10455872 and minor allele C for rs3798220) that a participant possessed.
Key Points
Question Can the association between LPA variants and aortic stenosis be detected using electronic health record-derived data?
Findings In this case-control study, individuals with 2 LPA risk alleles in any combination had 2-fold or greater odds of developing aortic stenosis compared with individuals with no risk alleles. In addition, age significantly modified the association of the LPA variant rs10455872 with aortic stenosis.
Meaning Variation at the LPA locus increases the odds of aortic stenosis, with 2-fold or greater odds in individuals with the highest genetic risk, but this association may be modified by risk factors. Statistical analyses were conducted using R, version 3.3.0 (R Foundation). 20 The differences between the AS cases and controls were calculated using the Welch t test for continuous traits and the Pearson χ 2 test for categorical traits. All logistic and linear regression models were adjusted for age, age 2 , and sex, except when age was the outcome. Multivariable models were further adjusted for dyslipidemia, smoking, diabetes, and hypertension. Additionally, we adjusted the multivariable models for CAD status to examine whether the observed associations were an epiphenomenon because of the high prevalence of concomitant CAD in AS cases. To assess whether the association of the LPA locus with AS is modified by clinical risk factors, interactions of the 2 LPA variants and the LPA risk score with age, sex, dyslipidemia, smoking, diabetes, and hypertension were separately modeled by introducing multiplicative interaction terms in the models. Models with interaction terms were only adjusted for age, age 2 , and sex due to the similar estimates that arose from models of the main effects with and without adjustment for the additional clinical risk factors. No multiple-testing corrections were applied because of the hypothesis-generating nature of the analyses. Two-tailed tests with P < .05 were considered significant.
Results
Descriptive characteristics of the study participants are shown in Table 1 . Compared with the controls, AS cases (n = 3469) were older (mean [SD] of 74.6 [8.5] in cases vs 69.3 [8.3] in controls; P < .001) and were more likely to be male (56% [n = 1943] of cases vs 49% [n = 20 076] of controls; P < .001). As expected, a greater proportion of cases had dyslipidemia or comorbid CAD and more likely to be hypertensive, diabetic, and a past or present smoker ( Table 1) .
The minor allele frequencies for rs10455872 and rs3798220 were 0.07 and 0.02, respectively. Both SNPs were in HardyWeinberg equilibrium (P ≥ .31). The theoretical range for the LPA risk score that combined both SNPs was 0 to 4, but we observed a range of 0 to 2. That is, individuals possessed at most 2 risk alleles, either from the same SNP (homozygous) or 1 from each SNP (compound heterozygous).
Association of LPA Variants and the LPA Risk Score With AS
Both LPA SNPs and the LPA risk score were significantly associated with AS in logistic regression models that were adjusted forage,age 2 , and sex ( Table 2) . Per risk allele, the odds ratio (OR) was 1.34 (95% CI, 1.23-1.47; P =1. 7×10 −10 )forrs10455872,1.31 (95% CI, 1.09-1.58; P =3.6×10 −3 )forrs3798220, and 1.35 (95% CI, 1.24-1.46; P =1.3×10 −12 ) for the risk score. Both the LPA SNPs and the risk score remained significant after adjusting for additional clinical risk factors. The magnitude of these associations did not materially differ when further adjusted for the presence of CAD (eTable 1 in the Supplement).
Possessing 2 risk alleles in any combination led to a 2-fold or greater increase in the odds of developing AS relative to individuals without any risk alleles ( Table 3) . The OR for individuals who were homozygous for rs10455872 was 2.05 (95% CI, 1.37-3.07; P =5.3×10 −4 ), and for rs3798220 was 3.74 (95% CI, 1.03-13.62; P = .05). For compound heterozygotes, the OR was 2.00 (95% CI, 1.17-3.44; P = .01).
In sensitivity analyses, we evaluated the association of the LPA SNPs and the risk score with AVR. Both rs10455872 and the LPA risk score were significantly associated with AVR; per risk allele, the OR for rs10455872 was 1.57 (95% CI, 1.24-1.99; 
Interaction of LPA Variants With Risk Factors for AS
The association between rs10455872 and AS was modified by age (interaction P = .03) (Figure) . In participants aged 55 to 64 years, the per risk allele OR for rs10455872 was 1.59 (95% CI, 1.29-1.97; P =1. 7×10 −5 ). In participants aged 65 to 74 years, the OR decreased to 1.37 (95% CI, 1.17-1.60; P =9.1×10 −5 ), and in participants aged 75 years or older, the OR was 1.24 (95% CI, 1.09-1.41; P =1.1×10 −3 ). No age interaction was observed for either rs3798220 or the LPA risk score (data not shown). Consistent with these analyses, rs10455872 was a significantly associated with the age that a patient received an AS diagnosis, with each risk allele corresponding to a reduction of 0.71 years in the age at disease diagnosis (95% CI, −1.42 to 0; P = .05). Neither rs3798220 nor the LPA risk score were significantly associated with age at disease diagnosis (eTable 2 in the Supplement).
We also observed an interaction between sex and rs3798220 for AS (interaction P = .05) (Figure) . Among men, each risk allele of rs3798220 was associated with an OR of 1.55 (95% CI, 1.22-1.98; P =3.4×10 −4 ). In women, the association was not significant (OR per risk allele, 1.07; 95% CI, 0.80-1.42; P = .66). No sex interaction was observed for either rs10455872 or the LPA risk score (data not shown). No significant interactions were identified between the LPA variants or the risk score and dyslipidemia, smoking, diabetes mellitus, or hypertension for AS (eTable 3 in the Supplement).
Discussion
In this case-control study of 44 703 individuals, we have confirmed that variants in the LPA locus are strongly associated with AS. Our data provide a large-scale replication of the rs10455872 association, reaching genome-wide significance, by using a single large cohort based on EHR-derived diagnostic and procedure codes. The associations were similar even when we restricted our analysis to AVR, a robust valve outcome, providing strong validation of this association. In addition, we provide new evidence that rs3798220, a rare variant in the LPA locus for which limited data exist, is also associated with AS. Given the large sample size, we were able to extend these associations to evaluate individuals who possessed 2 risk alleles of either rs10455872 or rs3798220 (including compound heterozygotes that possessed 1 risk allele from each SNP) and demonstrated a 2-fold or greater increase in their odds of developing AS relative to individuals who possessed no risk alleles. These results suggest that homozygous (or compound heterozygous) individuals at the LPA locus have a markedly elevated risk for AS, likely because of higher circulating Lp(a) levels, 3, 13, 14, 21 and may therefore be candidates for future Lp(a)-lowering therapies. We further demonstrated that the association of rs10455872 with AS was modified by age but not by other clinical risk factors. Indeed, the association between rs10455872 and AS declined with increasing age, suggesting that an increased Lp(a) level may be more relevant in younger cases of AS and that other etiologies may predominate at older ages. We also observed that rs3798220 was associated with AS only in men, but this requires validation in other cohorts. Finally, our confirmation of the association between LPA and AS using EHRs provides an important validation of our methods for determining AS disease statuses, based on diagnostic (ICD-9) codes for AS and procedure codes for AVR in the EHRs of participants. This validation supports the construction of phenotypes from health records and points to health care organizations as being valuable sources of data for answering questions about the genetic etiology of complex diseases that may have a relatively low prevalence among the general population, such as AS. Although prior studies that evaluated LPA and calcific aortic valve disease have used computed tomographic measures of valve calcium and/or echocardiographic data for diagnosing AS, our estimates for the association between LPA variants and AS, using diagnostic and procedural codes, are consistent with these prior studies and add to the evidence that this association is robust and consistent. 5, 7, 9, 14 While LPA variants have been linked at a genome-wide significance level with aortic valve calcium, 7 associations with clinical AS and valve replacement have been limited by small samples, precluding the evaluation of rare variants, such as rs3798220. We demonstrate that rs3798220, which is strongly associated with Lp(a) levels, 3, 13, 14, 21 is also associated with AS, 14 with homozygous individuals possessing a 3.7-fold increase in the odds of developing AS. These results are concordant with a recent meta-analysis that demonstrated a significant association between rs3798220 and AS in a limited number of participants. 15 To date, we are not aware of other studies that have evaluated age or sex interactions with LPA variants for AS, and these results will require validation by independent cohorts. Given the consistent association between LPA variants, Lp(a) levels, and AS, mendelian randomization studies suggest that elevated Lp(a) levels contribute to the development of AS. 3, 7, 9, 14 Recent data also suggest that Lp(a) is involved in disease progression, with individuals who have mild to moderate AS and high Lp(a) levels possessing a more than 2-fold increase in their odds of AVR or cardiac death. 10 Although limited treatment options currently exist, Lp(a)-lowering therapies are in development. 22, 23 Identifying which patients to target with such therapies in future randomized clinical trials will be an important consideration. Our results, if validated by others, would suggest that younger patients (younger than 65 years) and those with markedly high Lp(a) levels (eg, homozygous or compound heterozygotes for LPA variants) are at highest risk for developing AS, and would therefore likely derive the greatest benefit from Lp(a)-lowering therapy.
Strengths and Limitations
Our study has several strengths, including having one of the largest samples of patients with AS and genome-wide genotyping worldwide, as well as being clinically representative of a large US integrated health care delivery organization. Nonetheless, our study has several limitations. First, AS was defined based on ICD-9 codes and prior AVR rather than a detailed echocardiographic assessment, which is the gold standard. However, we have previously validated the ICD-9 code for AS with echocardiography, showing a positive predictive value more than 90%. 7 We acknowledge that the accuracy of diagnostic codes may vary between different health care delivery systems and the misclassification of AS status in our study may be greater than previously reported. In addition, the inclusion of bicuspid aortic valve and/or other etiologies (eg, radiation-associated AS) among cases remains possible, but would represent only a small proportion of the included cases. Nonetheless, any such misclassification of disease status would be nondifferential by LPA status and would tend to bias our reported associations toward the null. Additionally, sensitivity analyses using AVR, a more robust valve outcome than ICD-9 coding, demonstrated consistent results. Second, quantitative data on other risk factors for AS, such as low-density lipoprotein cholesterol levels and blood pressure, were unavailable. However, adjustments for available clinical risk factors, including the presence of hypertension, dyslipidemia, diabetes, or smoking, did not materially change the estimates of effect, which was expected because LPA variants are not known to confer AS risk through any other risk factor except genetically elevated Lp(a) levels. 3, 9, 14 Third, participants with AS were typically older than the controls, allowing for the possibility that some of the controls may subsequently develop AS. However, this would have led to an underestimation of the association that we observed between LPA variants and AS. Fourth, as is frequently performed for large-scale genetic studies, our analysis was conducted as a case-control study and therefore longitudinal estimates of absolute risks cannot be directly calculated; nonetheless, given that the prevalence of AS is less than 10% in the general population, our odds ratios approximate risk ratios. Lastly, our study was limited to individuals of European ancestry. However, the rs10455872 risk allele is rare in East Asian and African populations (allele frequency, <0.01), and owing to the greatly reduced numbers of non-European participants in the GERA cohort, those analyses would have low statistical power.
Conclusions
In this large-scale, case-control study of AS we confirmed the association between LPA SNPs rs10455872 and rs3798220 with AS and demonstrated that individuals with 2 risk alleles have a 2-fold or greater odds of developing AS. Age may modify these associations and could identify subgroups who are at greatest risk of developing AS and the most likely to benefit from Lp(a)-lowering therapies.
